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A f t Q T Q A O T
A two-dimensional seismic model was constructed from a 
sandwich of plexiglas and aluminum sheets. The surface along 
one edge of the aluminum sheet was contoured to provide a 
continuous velocity-depth function which models a postulated 
Mohorivicic discontinuity.
The model data were examined to see if a suitable set 
of criteria could be found which would characterize a tran­
sition zone and if it would be possible to utilize near­
vertical reflections from such a zone. It was found that 
reflections from the zone could not be identified until the 
critical angle was approached. The transition zone was about 
one wavelength thick and first arrival data did not show its 
presence, Zn order to identify the zone it was necessary to 
identify later phases on the records.
The most prominent event was a refraction from within 
the transition zone. Identification of this event proved to 
be the best criterion for the presence of a transition zone.
ill
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The Mohorivicie discontinuity, or Moho, has recently 
become the subject of extensive geophysical research activ­
ity both in this country and abroade The National Science 
Foundation is currently directing a multi-million-dollar 
effort to drill a hole to the Moho* The results of this 
effort should provide important information bearing on fun­
damental processes within the earth•
To augment the, information obtained from one hole, the 
U. So Geological Survey and its Russian counterparts are 
carrying on very large programs to map the Moho and other 
discontinuities within the earth®s crust* This work for the 
most part employs the seismic refraction method since at 
this time it appears to be the only reliable method by which 
one can map the Moho* In spite of the large amount of work 
done, there still is a question of the nature of the Moho: 
in particular, is it a discrete boundary or not?
The suggestion by G* C« Kennedy (1959) that the
1
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Mohorovicic discontinuity is a phase change requires, ac­
cording to Kennedy, that the "discontinuity” occur over a 
considerable depth interval* He suggests that the change 
from crust to mantle may occur over as much as 10 km under 
the continents but would have to change over a much smaller 
depth interval in oceanic areas* With this premise the Moho 
would be what is termed a velocity transition zone*
Near-vertical seismic reflections have been observed 
which appear to come from depths corresponding to the Moho* 
This discontinuity, however, has proved to be singularly 
difficult to map by near-vertical reflection techniques so 
commonly used in petroleum exploration (Hasbrouck, 1964)*
To the author's knowledge, no one has been able to map the 
Mohorivicie discontinuity over even tens of kilometers sole­
ly on the basis of near-vertical reflections* It has proved 
impossible to correlate the deep reflections observed over 
any great distance* There are several possible explanations 
for the lack of definitive near-vertical reflections from 
the Moho; one explanation could be the phase transition 
postulated by Kennedy* It is well known that zones in which 
the velocity changes gradually with depth reflect flittie 
energy at vertical incidence*
From the seismic information available, no definitive 
interpretation of the Moho as a transitional zone has been
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made. The Moho may not be a transition zone* However, in 
a practical case the characterization of such a zone is dif­
ficult* It is dependent upon the identification of later 
arrivals on the records, which is often difficult* In ad­
dition, no useful set of criteria seems to be available on 
which to postulate the existence of such a zone from infor­
mation available on seismograms*
The purpose of this present research is to study a 
simple earth model with a transition zone to see if suitable 
criteria can be established* If criteria can be found for 
the simple geometry modeled, then extensions may be possible 
to the complex structure of the earth's crust*
Because of the difficulty in treating transitional 
zones analytically, a two-dimensional seismic model was 
chosen for the study* The model technique also gives results 
that are directly relatable to field data (Bennett, 1962). 
Model and field data can be considered from two aspects*
One would be the data pertaining to travel time curves of 
the various arrivals, the other information relating to the 
character of the various arrivals* Both aspects are con­
sidered in this study*
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APPROACH TO THE PROBUSM
TWo-dimensional model seismology was introduced by 
Oliver, Press and Ewing in 1954 and rapidly became the pre­
ferred method of studying, on a small scale, elastic wave 
propagation problems* The method introduced by Oliver and 
others permitted fabrication of models which were virtually 
impossible to construct as three-dimensional configurations* 
The models are constructed of thin sheets, and propagation 
takes place along directions lying in the plane of the 
sheet* The sheet thickness is generally kept as thin as 
possible to permit large scaling factors since only wave 
lengths long compared to thickness may be employed*
While two-dimensional modeling makes practical a wide 
variety of possible models* precise and uniform modeling of 
a velocity gradient zone is not an easy task* Several ap­
proaches to model construction were considered before the 
method described below was adopted*
One approach given consideration was to produce a
4
T 1086 5
velocity transition by maintaining a temperature gradient in 
an appropriate modeling material. Paraffin has excellent 
properties for such a model since a large change in velocity 
occurs between 25° and 30°C (International Critical Tables 
1933). However, the problems attendant to maintaining a 
temperature gradient in such a sheet and the large attenua­
tion coefficient of paraffin precluded the use of this model. 
Ho other material was found which caused serious considera­
tion of modeling by means of temperature gradients.
A second construction method considered was to cast a 
thin sheet in which a velocity transition was produced. 
Velocity differences may be produced in casting plastics by 
filling with varying amounts of granular solids such as 
quartz sand (Bruce, 1961, oral communication). This method 
was also rejected because of expected difficulties in con­
trolling the zone parameters and the large amount of attenua­
tion in all-plastic model.
The method of construction finally adopted was an adap­
tation of a two-component sandwich technique described by 
Healy and Press (1960). In this method both plate velocity 
and density can be independently modeled by varying the 
relative proportions of the different materials making up 
the sandwich. A velocity transition could then be modeled 
by gradually changing the thickness of one of the components.
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Since many aspects of wave propagation In velocity 
transition zones are unknown, the modeled velocity structure 
was chosen to be as simple as possible but to be one which 
would approximate Kennedy’s proposed Ho ho structure. No 
additional layering, which might make the model conform more 
closely to the earth's crust, was Introduced. Additionally, 
the layering was restricted to a horizontal plane. Since a 
compositional change Is not Involved In the proposed Moho 
structure, a continuous monotonically-increasing velocity 
function was desired. A specific velocity-depth function 
was not chosen because of fabrication problems. Instead, 
the limitations of the fabrication method essentially de­
termined the shape of the velocity-depth function.
Construction of the Model 
Because of the anticipated low reflection coefficient 
of velocity transition zones near vertical incidence, the 
contrast in acoustic impedance across the modeled zone was 
exaggerated over any expected values for the Moho. By doing 
this, it was hoped to build up the near vertical reflections 
to significant values. As design parameters, velocity and 
density contrasts of 2 were arbitrarily selected.
Plexiglas and aluminum were selected for modeling 
materials because of their availability in large sheets and
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their large velocity contrast* Since two physical parameters 
were to be modeled, the method introduced by Healy and Press 
(I960) was required*
In this method9 laminated sheets of different materials 
are used in which the laminae thickness is varied so as to 
control plate velocity and plate density at each point in 
the model* The velocity is determined by the relative pro­
portions of the laminae so as to change the average elastic 
constants. The density is modeled by varying the total 
thickness of the model laminae*
Two sandwiches, each of 0*032 in* 3003H14 aluminum on 
1/16 in. plexiglas, were fabricated* Each sandwich was 72 x 
40 in* as shown in Fig. 1* The figure gives the mixture of 
epoxy resin used to bond the sheets* This mix was found 
experimentally to provide the best bond for these materials* 
The Lp-3 is a flexlbilizing agent which provided the necessary 
resiliency in the cement* The plexiglas was sanded lightly 
to increase the adhesion§ it was not necessary to roughen the 
aluminum*
The bonding operation consisted of spreading cement on 
the sheets and rolling them together with light pressure on 
a 4~ft sheet metal roller belonging to the U* S* Geological 
Survey. The sheets immediately after rolling were allowed 
to lie flat for 24 hours while the cement cured.
T 1086 8
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The crust was modeled by removing the aluminum from one 
edge down to a depth of 8 in. From 8 to 10 in down from the 
upper edge, the surface of the aluminum was contoured to pro­
vide a continuous velocity and density increase and thus to 
represent the Moho, Figure 2 shows the profile of the sheet 
across this zone. The calculated density and velocity change 
with depth are given in Fig, 3 and the acoustic impedance 
change in Fig, 4,
As shown by Healy and Press (1960), for a two-component 
sandwich the two-dimensional density factor is given by
the plate longitudinal wave velocity by
P Pp
and the plate shear wave velocity by
- y  =  Ja Y i f A  7 a  +  Tq ,
p pP
where Pp » plate density Pm 38 bulk density
Vp = plate longitudinal velocity 
~vp = plate shear velocity 
T  a laminae thickness 
and subscripts A and B refer to the two materials composing 
the sandwich.
To contour the aluminum surface, the sandwich was clamped 
to a flat plate glass surface, aluminum side up, A milling 












Thickness profile of aluminum across the 
transition zone.
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Variation indensity and compressional velocity across transition zone0
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Figure 4
Variation in acoustic impedance 
across transition zone*
T 1086 13
which traveled directly on the aluminum surface was used to 
remove most of the material. Final tailoring of the contour 
and feathering of the edge was accomplished by hand lapping.
If modeling ratios of 1 x 10"^ for time and 1/3 x 10"^ 
for length are chosen and allowance is made for the exaggerated 
velocity and density contrast across the transition, the model 
approximates Kennedy1s oceanic Maho model.
On the basis of the above ratios, the model corresponds 
to a crust with uniform 7.0 km per sec velocity to a depth of 
6.5 km. From 6.5 km to about 7.5 km the velocity would in­
crease smoothly to 13 km per sec and continue at a constant 
13 km per sec to deep in the mantle. The recorded frequencies 
would be in the band 0.2 to 12 cps. This is the frequency 
band commonly used to study the deep crust and upper mantle.
The dilitation plate velocities observed in the model 
were 2.35 km per sec for plexiglas and 4.39 km per sec for 
the sandwich. With an upper working frequency of about 100 
kHz imposed by the plate thickness, the transition zone is at 
most one wavelength thick.
Apparatus and Equipment 
Figure 5 is a photograph of the model and modeling 
apparatus used in this study. The equipment and techniques 
are very similar to those commonly used in two-dimensional
T 1086 
Figure 5 
Photograph of modeling apparatus 
14 
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modeling* See Oliver and others (1954) and Healy and Press 
(1960)
Figure 6 shows a block diagram of the apparatus used, 
as well as typical waveforms throughout the system* The de­
laying sweep of the Tektronix 545 oscilloscope was used to 
time events on the record* Because of slight inaccuracies 
in the delaying sweep, a Tektronix type 180 time-mark gener-
, S' ,1
ator was used to calibrate the delaying sweep circuitry* It 
was necessary to apply corrections to the raw time in order 
to keep the timing accuracy within 1 %.
The source transducer was a barium titanate hollow 
cylinder 0*25 in* in diameter by 1/16 in* long* Driven in 
the radial mode, the source approximated an explosive source 
in the ground* The free resonant frequency of the source 
in the radial mode was 0*5 MHz* A barium titanate bimorph 
transducer was used as the receiver element* The receiver 
bimorph was damped with hard rubber pads as described by 
Healy and Press (I960)* Output from a bimorph is obtained 
only for the component of motion in a direction perpendicular 
to the plane of the element* Proper drientation of the re-Vs?*--'
ceiver transducer then made it possible to record either the 
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For much of the work reported in this study, the source 
transducer was positioned 18 in© from the side of the model 
and 1 in« below the upper edge of the plexlglas© This 
relatively deep source depth was chosen to delay the surface 
reflection by approximately 20 JA sec© The cylindrical source 
was chosen because it approximated an explosive source better 
than a disc placed on the surface0 In addition, the rela* 
tively pure source of compressional energy was desired for 
examination of possible mode conversion within the zone0
To obtain phases relatively free of surface reflections 
for spectral analyses, the source depth was Increased to 6 
inD With the source in this position the model was also 
examined for converted waves within the transition zone©
The receiver was moved in 2 cm Increments from a point 
directly above the source for a distance of 110 cm along the 
top surface of the model© In areas of particular interest,
1 cm steps were usedo
17
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In model work a time-mark generator is commonly used to 
superpose time signals on the seismic trace to provide pre­
cise timing along the whole seismogram©
Because a time-mark generator was not always available 
for use with the model equipment, it was necessary to devise 
a method for accurately timing the seismic events of interest© 
Calibration of the delaying sweep generator on the Tektronix 
model 545 oscilliscope with a Tektronix model 180 time-mark 
generator provided an alternate means of obtaining precise 
timing©
When events were to be timed, the oscilloscope was 
placed in the delaying sweep mode and a sweep of 10 /J sec per 
cm selected© This sweep speed provided good resolution for 
the seismic events© The source voltage pulse was delayed 
about 10 jj sec from the oscilloscope trigger signal and the 
delaying sweep control was set to zero© The source pulse as 
observed on the screen provided a zero time reference© The 
delaying sweep control was then advanced until an event to 
be timed coincided with the reference position© When ad­
ditional delay over that provided by the oscilloscope de­
laying sweep generator was needed, precise trigger pulses 
from the General Radio 1391-A pulse generator were used©
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RESULTS
Figures 7a to 7g show a sequence of photographs taken 
every 2 cm along the profile from 10 cm to 108 cm. Each 
trace represents a 200 JJ sec interval beginning just prior 
to the first arrival except for the first photo which shows 
the source voltage pulse. This permits most of the arrivals 
of interest to be displayed with reasonable detail. The 
relative gain and time delay for each trace are indicated 
for comparison. The major events on these seismograms have 
been identified so the reader may easily refer to the various 
phases as they are discussed. A ray path nomenclature 
diagram is shown in Fig. 8* -
A few of the features of the seismograms should be 
noted. The direct arrival P̂, for profile distances close to 
the source is seen to have a low-amplitude high-frequency 
leader. This leader is lost at distances greater than 20 cm 
because of absorption by the plexiglas. A similar phenomenon 





/ j  sec
Figure 7a
Seismogram for spread 10-22 cm*
Source depth 1 in*
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Seismogram for spread 24-36 cm.






Seismogram for spread 38-50 cm,
Source depth 1 in.
400
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Figure 7d
Seismogram for spread 52-64 cm.





Seismogram for spread 66-78 cm.





Seismogram for spread 80-92 cm.





Seismogram for spread 94-106 cm*





















files* In addition, P̂  has a similar wave form to the re­
fracted arrival Por both of these events the arrival
of the surface ghost after approximately 20 sec is clearly 
evident*
The photographs also show the sudden arrival of a wre- 
fleeted" event pi>P2(Z)?i at al>out ^  0X11 along the profile*
This event is seen to change character continuously along 
the entire profile*
A vertical component record section traced from the 
seismograms of Figs* 7a to 7g is shown in Fig* 9 (rear pocket)* 
The arrivals have been identified on this figure also* Travel 
time data for the various events are tabulated in the appen­
dix* Record sections for the 6-in* depth are given in Figs*
10 and 11 (rear pocket)* Figure 10 gives the vertical com­
ponent of surface acceleration and Fig* 11, the horizontal 
component*
Pulses for which spectral analyses were made are shown 
in Fig* 12* The direct and transmitted pulses were recorded 
at the upper and lower edges of the model on a vertical line 
through the source* The refracted pulse was recorded at a 
profile distance of 96 cm* The results of spectral analyses 
performed on these pulses are discussed in the section of 










In this section the literature most directly applicable 
to wave propagation in heterogeneous media of the type 
modeled is considered* The main concern is with the nature 
of seismic wave propagation in these media, which is evi­
denced in the character of the various arrivals and their 
energy relationships* The travel-time relationships which 
are predictable on simple ray theory will be treated in a 
later section* No solutions are known for the wave equation 
in a medium of the type modeled* Indeed, only very special­
ized types of heterogeneous media have been treated analytic­
ally* However, the results that are available will enable 
prediction of some of the model results in a qualitative 
sense, at least*
In addition, a brief development of the wave equation 
applicable to the heterogeneous two-dimensional laminate 
structure is given* No solution is attempted* The purpose 
of the development is to re-examine the assumptions imposed
30
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by the modeling technique and to determine the relationships 
to the three-dimensional problem*
Developments in the theory of propagation of elastic 
waves in inhomogeneous media prior to 1957 are reviewed by 
Ewing, Jardetzky and Press (1957)* They also give a compre­
hensive list of references* Up to that time, the media which 
had been treated in detail analytically are those in which 
mode conversion or propagation of shear waves can be neglected* 
Reflection at vertical incidence from transitional zones 
has been studied for some time. Wolf (1937) gives the 
earliest analytical treatment known to this author. For 
vertical incidence the propagation equations are tractable, 
since the use of the Helmholtz potential method permits 
separation of the irrotational and solenoidal terms and each 
can be treated independently. Qualitative verification of 
the analytical results has been obtained from Woods0 acousti­
cal model (Woods, 1956) and from the Seismoline (Sherwood,
1962) for the electrical analogue* Qualitatively, transition 
zones at vertical incidence act as filters on the transmitted 
and reflected energy. The energy which makes up the re­
flected pulse appears to have passed through a low-pass 
filter and conversely for the transmitted pulse. The litera­
ture shows that as the wavelength decreases, once the incident 
wavelength approaches the transition zone thickness, very
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little energy will be reflected.
Probably the most general treatment concerned with re­
flection coefficients from heterogeneous media in which mode 
conversion can be neglected is given by Epstein (1930). He 
treats the electromagnetic case for velocity functions vary­
ing on only one Cartesian coordinate. His results apply to 
a wide variety of smoothly varying velocity functions. Sum­
marizing these, the reflection coefficient is, in general, 
complex, being given by the product of gamma functions whose 
arguments are parameters of the velocity function, frequency 
and angle of incidence. Total "reflection" occurs whenever
(4)
si7i Ox ^ y where 9^ 55 angle of incidencemeasured from the 
normal
V, = initial velocity
V2 * final velocity
The coefficient is, in general, complex, as it is for 
discrete boundaries beyond the critical angle. Inside the 
critical angle, narrow transition zones give reflection 
coefficients approximating the values for abrupt discontin­
uities. Finally, for zones large compared to the wavelength, 
the magnitude of the reflection is given by
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- z l fS I I -s ir P e u
|-R| - S where R  *■ the reflectioncoefficient
5 =s the relative thick­
ness of the zone in units of X/27f
The problem as to when mode conversion can be neglected 
requires new consideration in light of recent work by J,
Hook (1961) on wave motion in heterogeneous solid media. 
Previously it was thought that the coupling between the wave 
equations for heterogeneous media implied in some manner 
coupling between the P and S waves in the medium (Ewing and 
others, 1957, p. 330). Hook (1961) has shown that this is 
not necessarily so.
Before discussing Hook0s work, the results of a study 
by E. J. Douze (1960) will be mentioned. Douze solved the 
wave equation for a velocity function varying linearly with 
depth. His assumptions were that the density and Lame con­
stant A were constant while fA was the single variable. In 
addition, he required that pure dilitation and solenoidal 
waves exist in the zone. On this latter assumption he places 
an upper limit on the allowed velocity gradient. Ttao results 
are of particular interest. Let the velocities in the tran­
sition zones be for P and S waves, respectivelys
X 1086
(6)
V =  V, +  K2 where k ~ a constant
*V = V, + Z = depth from zone top
Douze concludes that no mode conversion occurs under the 
following conditions:
These criteria applied to the model give 16 kHz and 48 
kHz as the approximate upper frequencies for which P to S 
and S to P conversions, respectively, are allowed.
Hook, in the work referred to above, has thrown con­
siderably more light on the nature of waves that propagate 
in heterogeneous media. He introduced a generalization of 
the Helmholtz potential method wherein the vector wave 
equation can be treated as for homogeneous media. That is, 
his method yields three independent wave equations identified 
with P, SV and SH waves. However, the P and SV waves given 
by Hook9s method are not in general purely irrotational and 
solenoidal. He has called these waves generalized P and SV
waves since they propagate with velocities given by £/£
(7)
A. Ho P to S conversion if
where = angular frequency
B* Ho S to P conversion if
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The generalized potential method was developed for media 
the properties of which vary on a single Cartesian coordinate* 
Separation of the vector wave equation is restricted at 
present to particular variations of the constitutive param­
eters P  , X and JU * The conditions for separability are 
given by a system of nonlinear differential equations in 
these parameters* A general solution for separability has 
not been found*
The important conclusion to be drawn from Hook's work 
is that no generalized P to generalized S, and vice versa, 
conversion occurs in the transition zones for which he can 
effect separation regardless of the velocity gradient* In 
his discussion (Hook, 1961) he also suggests that the mathe­
matical coupling present in nonseparable cases has no physical 
counterpart* If this is so, the absence of certain converted 
waves could be a very useful criterion for the presence of 
transitional zones within the earth*
For the model being studied, this would mean that con­
verted waves from the transition zone would not be observed 
on the seismograms* Additionally, the waves which propagate 
through the zone would be expected to have dispersive tails* 
Oliver, Press and Ewing (1954) provided the basis for 
two-dimensional modeling techniques* Their method derives
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from A0 E* H* Lovefls "generalized plane stress" (Love, 1944), 
which can be used to show that where the wavelength is large 
compared to plate thickness, the plate waves obey the two- 
dimensional wave equations* One modification is required, in
and Press (1960) then extended the technique to laminated 
structures•
Because many of the assumptions normally made in deriv­
ing the wave equations should be re-examined when applied to 
heterogeneous media, one should start with Love8s generalized 
plane stress and develop the equations applicable to the 
present study*
The geometry of the problem is shown in Fig* 13* The 
x and y axes are taken in the plane of the plate and z is 
perpendicular to the plate surface* The assumptions of 
generalized plane stress are that the normal stress Zz van­
ishes throughout the plate and that the tangential stresses 
and Z y  vanish only at the plate surfaces* If only 
average values of the stress, strain, etc*, across the plate 
are considered, then Love gives the following stress-strain 
relationships:




where u and v = x and y displace­ment components respectively
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X-f Yv> Z_ normal stresses In the X, Y9 Z directions respectively
Xy9 Xz> etc* tangential stresses
Figure 13
Plate geometry for the two “dimensional wave equation»
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The relations above can be considered an expression of 
Hooka's relation for the plate0
From Newton°s second law the equations' of motion are 
given by 2DXx_ + VX = m .
j<>y d * 1
Before substituting the generalized plane stress re­
lations , consider the right side of these expressions0 The 
operator can be written as
& r = l r + * ' 7  <1 0 >
where ~V * the particle velocity«
To linearize the differential equations 9, the quan­
tities V*7’/0̂  andiP*7PV must be small compared to the partial 
time derivatives of displacement. In other words, the as­
sumptions of InfinltOstlmal strain must hold In order to 
linearize• However, In a transition zona the elongation and 
shear strain may bo small but because of the changing Im­
pedance of the medium, the space derivatives of the displace­
ment vector could become large and terms due to V * V  In 
equation 10 could not be dropped. This suggests an appropriate 
definition of a boundary at which mode conversion occurs, at 
least for transition zones In which J. Hook°s conditions of 
separability apply. Whether this criterion Is applicable for 
other types of zones must wait further theoretical and
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experimental work*
Assuming the above requirements are met and substituting 
from equation 8f the equations of motion become
+  2 ^ l r  +  v ’( v * ' f e L)
and similarly for v* with 0 the dilation and the operator 
understood to be in the two-dimensional form*
Casting this into vector form equation 11 becomes
p^js. =  - Vx[/»7xr| (12)
+ 2[jty-V)S -(V̂ XV-SJ + (V/*)X(7XS£| 
where 5 m the vector displacement*
This has the same form as the equation J* Hook starts 
with, with the exception that we are dealing only with the 
two-dimensional case and average values of the various quan­
tities* Hook9s method is thus applicable to the plate 
geometry and we are justified in extending his conclusions 
to the model*
Now restrict the thickness variations to dependence 
only on the coordinate y and let A* »K/f where 1C is a constant, 
Introducing these conditions and expanding equation 12 gives
Pp- = (x+ tyw -s  - / *v*7*5 + V? v[(K+2)/j] (13)
- V/»X(7XS)+?[(^M.V)§ -fy/<)(v-s)+(v/i)x(vxg]]
From Healy and Press (1960) the constitutive parameters
i
^ P 9 /yand for a laminated plate can be written in terms 
of the individual plate parameters and thicknesses Zg and Tg 
as follows s
X p  =  + ^ e T s
A  = A T *  * A T a <14>
A  =  /°a Ta +
An interesting special case results if we let the thick­
ness vary in such a manner that ̂ 7^ * Q« This requires that
T   ̂"fr - —  T
For this situation the vector wave equations become
, f > S  =  (*+?)/ V V - 5 - / V X V X 5  (16)
The Helmholtz potentials permit *ep#ratlon in this case, 
giving
V  (p =  Vpa V  vp =
a . 1 ,  £ £ .  / v .  <18>
V  ^  =■ *1 5 rr = f>r
Pekerls (1946) considered solutions to the wave equation 
In the form above for a fluid half space and this is the form 
treated by Epstein (1930).
A model fabricated according to the above restrictions
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should exhibit pure P and SV waves throughout, 




The travel time curves obtained from the model will now 
be used as the basis for several Interpretations« The simplest 
model conforming to the first arrival data, a two®layer model, 
is studied first and rejected on the basis of information 
from second arrivals* Next a particular three®layer geometry 
is studied in which each layer has a constant velocity* 
last, an Interpretation is given for a model in which an 
intermediate layer Is assumed having a velocity Increasing 
linearly with depth* Of interest here is the fit of the 
interpretation to the known velocity structure and the cor® 
respondence of observed and calculated critical angle reflec® 
tlons *
Details for the travel time curve, Fig* 9a, are given 
in Figs* 14 and 15* Fig* 14 shows the dftall for a region 
in which the refracted event emerges as a first ar®
rival* Fig* 15 shows the region where an apparent critical 














Tlme-»dlstance plot in vicinity of critical distance






Tirae-distanee plot in vicinity of "critical reflection"Section from Fig. 9a 
Dashed curve calculated from equation 5 pg
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Two»Layer Model 
First arrival detail of the travel time curve in the 
vicinity of the critical distance shows little evidence for 
an intermediate refracting layer* The first arrival data 
within the limits of observational error indicate nothing 
more than a two-layer situation* From this tlme-distance 
information an initial interpretation would probably be made 
on a two-layer assumption* This is particularly likely 
since no masked refraction was observed which would cor­
respond to a thin intermediate layer*
Table 1 gives the results of an interpretation based on 
the travel time data, assuming a two-layer model*
The results show a calculated depth corresponding to 
the lower part of the transition zone* From knowledge of 
the velocity distribution of the model, the two-layer inter­
pretation would be expected to give the equivalent boundary 
within the transition zone, but at a shallower depth than 
calculated* This disparity can be explained by the relative­
ly poor signal-to-nolse ratio of the first refracted event* 
The noise masks the weak beginnings of this event so that 




Vj' a* 2*35 km per sec
t^ * 154 /A sec
Depth below surface
V3 * 4*39 km per sec
xc * 77*6 cm
Computed from
22*1 cm
In the computation correction was made for the l«ln» 
source depth*
From the two«layer Interpretation one can compute 
time«dlstance relations for the many late arrivals to be 
expected from this geometry* If the Interpretation Is 
correct, the computed arrival times, of course, must cor« 
respond to the observations* For long refraction profiles 
the critical angle reflection provides ope very convenient 
check*
The critical angle based on the two“layer interpreta­
tion is 32°20®» The critical angle reflection would then 
be expected to appear on the seismograms at a profile dis« 
tance of 26 cm* No event of this sort is observed at such 
a short distance from the source* However, a strong event
late Arrivals
labeled P- E P. appears at a profile distance of 40 cm
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with all the characteristics of a critical angle reflection,* 
This event has a sudden increase in amplitude (See Fig* 7c) 
at about 40 cm and the refracted arrival P^P^P^ originates 
at the same point on the travel time curvee An intermediate 
layer is Indicated with average velocity between 2035 and 4*39 
km per sec*
A comment should be made on terminology here to avoid 
confusiono The energy composing the event 1 have called 
^1*2(Z)^1 derives from two ray paths at and beyond the 
critical angle* One path is that of the true reflection 
within the transition zone* Another, and the predominant 
source, is from a refraction within the zone* Figure 16 
illustrates these two ray paths and gives the geometrical 
relations needed to calculate the tlme»distance curve for 
the refraction based on the simple geometry shown* It is 
clear that for relatively narrow transition zones the re« 
fraction arrivals from within the zone *?ill approximate the 
tlme^distance curve of a reflection from the zone* For the 
model beyond the critical angle it is not possible to sep~ 
arate the two effects and so they are considered as one 
event* Figure 15 shows evidence for two superposed events* 
Initially an event labeled pxP2(Z)^2(Z)Pl9 b®**®ved to be a 
true reflection from the transition zone, Is followed along 
the profile* At 40«cm profile distance, figure 15, where
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the amplitude of this event is a maximum, an inflection is 
noted in the travel time curve* This is the point at which 
the refraction °r^S^t;68o
Before going on to a three-layer model for interpreta­
tions, the travel time curves for refracted rays in the 
simple model of Fig* 16 will be discussed* While not exactly 
conforming to the experimental model, this mathematical 
model may be used to approximate the travel time curve for
In Figure 16 a layer of constant velocity VQ is assumed 
overlying a half-space the velocity of which increases 
linearly with depth* The velocity function is also assumed 
continuous across the boundary*
Referring to Fig* 16 the travel time in each of the two 
layers for the refracted event can be written as follows s













Reflection from layer at depth Zn
Distance xx ■>
z> z(
Tt a time in upper medium
To 9 time in lower medium
•“- a center of curvature 
* of ray path in lowermedium
Figure 16
Ray paths and time-distance curves 
for a half space with a linear speed variation 
overlain by a low-speed layer.
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and
X —  Xf (4)
From equations 19 2, 3 and 4 the time^dlstanee equation
This relation has been plotted In Fig* 15 along with the 
measured arrival time taken the model* In the calculations
corresponds to the total velocity change from 2*35 to 4*39
km per sec occurring over a distance of 4*5 cm* The ex-
perlmental results fit those calculated quite well so the
refraction seems an adequate explanation of the
■«bW#Ved Inf lection«
The dashed portion of the calculated curve corresponds
to arrivals that would have been observed If the transition
had extended to Infinite depth* There is a minimum distance9
Xmin at which the refraction can appqarg 41 cm In the
mathematical model* This distance should not be confused
with the distance corresponding to the critical angle* The
V Zdistance 2^^ Is determined solely by the product — L
and occurs when the distance x^ and X2 9 Fig* 169 are equal* 
The point on this time-dlstance curve at which energy first
for the refraction ^^2(2)^!
(5)
clthe velocity gradient "k11 was taken as 0*0454 sec * This
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appears is determined by the maximum depth of the zone*
As the zone depth is increased from zero, the point 
moves toward the origin along the upper branch tint 11 the 
minimum distance is reached* As the zone depth contlniies to 
increase, the point for first appearance of refracted energy 
then moves away from the origin along the lower or refrac- 
tlon brancho If the zone Is deep enough, two refraction 
paths are possible within the zone* Energy traveling either 
of these paths would appear as relatively strong events*
The Three-layer Model 
Next a three-layer mathematical model was considered 
with an intermediate layer of constant velocity as shown in 
Fig* 17o Again the idea was to see how close a fit could 
be made to the data for an interpretation based on this 
simple three-layer model* Since first arrival data from 
the experimental model shows no evidence of an intermediate 
layer9 we restrain the mathematical model in a similar 
fashion* An exceedingly thin intermediate layer, if present, 
would be difficult, if not impossible, to define because of 
limitations imposed by the finite wavelengths of seismic 
waves which can practicably be employed* Also, this situa­
tion would approach a two-layer geometry and, in a practical 







ves2.3s km per see
z, 2̂ 5“<V,< 4.39km per sec
Vg-4,39 km per see
Figure 17 
Model of a three~layer geometrycritical distances assumed equal
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three~layer model considered here treats the thickest masked 
layer that Is possible for a given Intermediate velocity* 
Referring to Fig* 17 the velocity of the intermediate 
layer is allowed to range in value between the limits of 2*35 
km per sec and 4*39 km per sec9 the experimentaIly determined 
values of velocity* The depth to the third layer is arbitrary 
ily held at 24 cm and the critical distances for each layer 
are assumed equal* For these constraints the variations in 
intermediate zone velocity, critical distance and profile 
distance to the critical reflection from both Interfaces are 
plotted in Figs* 18 and 19* Using these curves and the 
critical distance found experimentally for the model, two
interpretations result* These are shown in Table 2*
> —  - -  —  —
TABLE 2 
Three** layer Interpretation 
Vo V, Vg z,
ctr//t$ec cm c m/jusec cm/jasec cm
Model 1 0*235 10*4 0*272 0*439 13*6
Model 2 0*235 20*6 0*420 0*459 3*4
L. ___________________________________________________
Model 2 of Table 2 is physically a good three«layer 
approximation to the experimental modelo The zone thickness, 
3*4 cm, and velocity of 4*2 km per see are representative of 
the average properties of the transition zone as can be seen
i










a <D> «eCO © 03+j•o Cd 14«rl ©s •O Pia of 1 e 6M«rl 1 14J ©«H14 f3Q H
cm
Figure 18


















■ profile distance to critical 
reflection from top of inter 
mediate layer
** profile distance to critical 






© 4i g cr4




Parameter variations for the three*?layer model of figure 17.
for this model. The profile distances to these events are 
given in Fig* 19. As might be expected, these predicted 
events do not fit the experimental data. Results from this 
very simple experimental model show that a three™layer in™ 
terpretation is not tenable primarily due to the lack of 
appropriate "events" on the record.
The Transition Zone
Now a simple transitional zone poodel will be considered 
to determine how closely an Interpretation based on it "fits" 
the experimental model. In the new model an intermediate 
zone is assumed with a linear Increase in velocity with depth. 
Additionally, the velocity-depth function is assumed continu- 
ous across both boundaries. Since this transitional zone is 
masked, the first arrival data are not sufficient to permit 
an interpretation. A fit to the data was made by using the 
time-distance data for the refraction ^2.̂ 2 (2)^1 f1:0111 tlie 
bottom of the postulated transition zone. This is the event 
which would appear to be a critical angle reflection.
The method outlined below was used to obtain an inter­
pretation. The data required were the velocities in the 
upper and lower layers, and respectively, and the time 
distance coordinates of the "critical angle reflection", 
which are designated TCR, XCR.
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Referring to Fig* 20 the ray path of the refracted ray 
which just grazes the bottom of the transition zone is de- 
fined by the velocity of the lower layer* For any point 
on this ray path, then, the parameter p may be written as
P =  = i r -  ( 6 )
This in turn with velocity gives the angle of emerg­
ence of the ray In the upper mediums
si7i®cR = |r <7V
Now require that the ray path defined above emerge at distance 
Xgg from the source* This constraint defines a family of 
possible Zq and k« The situation, illustrated in Fig* 20, 
shows the interdependence of Zq and k* Sets of parameters 
Zq and k are chosen and substituted into equation 5 to pro­
vide correspondence between calculated and observed travel 
times Tq^*
The transition zone is known to be thin since no evidence 
for it is seen on the first arrival data* A thin zone would 
not give arrivals corresponding to the refraction branch so 
the greater of the calculated Tq^ should be used0
The parameters Zq and k may be chosen analytically or, 
if preferred, graphically* It may be preferable to pick Zq * 

























this situation Z q  and k  are given b y
, jS = Z L
£ t> ~ ¥ V,
and
=  v l v F f c
For other values of Zq and k it is best to pick Zq 
from considerations given above and compute the corresponding 
parameter k by
~ zViz»
Table 3 gives the results based on the foregoing in« 
terpretive method*
TABLE 3
Linear Transition Zone Interpretation* 
assume Z q  « 16*6 cm Z q  * 20*0 cm
k calc* 0*035 sec** 0*12 sec"*’
T calc* 237 sec 250 sec
T obs. 251 sec 251 sec
zone thickness 5*8 cm 1*7 cm
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CHARACTERIZATION OF THE ARRIVALS
In this section the character of the various arrivals, 
including the amplitudes, will be examined. Exact theoreti­
cal results are not available for the model; however, some 
general qualitative results should be predictable by extension 
from simpler models. The possible significance of observed 
and unobserved arrivals is also discussed. These various 
points bear directly on the nature of propagation in tran­
sition zones* While no definitive answer to the mode con­
version problem appears, certain criteria are found that 
should be useful In distinguishing continuously varying media 
at depth.
Sgps&g.1 Stfitesaffl
Tigs. 21, 22 and 23 show spectral analyses performed on 
the vertical component of the direct, refracted and trans­
mitted pulses. Each pulse was recorded with the source 6 in* 
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— - Direct wave spectrum
corrected for adsorption in plexiglas*
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surface directly over the source and the refraction at a 
distance of 96 cm along the profile. The transmitted pulse 
was observed at the lower edge of the plate directly below 
the source* The record sections for this deep source are 
shown in Figs. 9 and 10.
Unfortunately9 the pulse shapes are not known with the 
precision desirable. This is due to the presence of inter- 
fering phases and low-amplitude tails that are not well de« 
fined. The signal-to-noise ratio of the refraction arrival 
is also small. The general conclusions to be drawn appear 
valid, however•
Figure 21 shows the spectrum of the direct arrival. The 
saddle observed at 40 kHz probably indicates an interfering 
phase is present in this pulse. For a discussion of spectra 
of multiple pulses see Nakamura (1962).
Comparing this spectrum with that of the transmitted 
pulse shows that both high and low frequencies were lost by 
the transmitted wave as expected. The high frequencies were 
lost through selective absorption in the medium and the low 
by selective reflection from within the transition zone.
The dashed curve in Fig. 22 shows the transmission coefficient 
for media the velocity of which varies linearly with depth. 
These data were taken from Wolf (1937) for a velocity con­
trast of two and scaled to the model. The observed loss of
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low frequencies is seen to be adequetely predicted by theory* 
Unless the seismograms have been studied carefully, the 
spectrum, Fig* 23, of the refracted pulse is surprising* The 
direct and refracted pulses have almost identical spectra if 
attenuation in the plexiglas is considered. The dashed line 
in this figure is the direct wave spectrum, adjusted for the 
attenuation over a path equal to that traveled by the re­
fracted wave*
The data necessary to correct for attenuation in plexi­
glas were taken from the work of Nakamura (1062)* He assumed 
amplitudes of seismic waves varied as 6 where K is the 
absorption coefficient of the transmission medium and d is 
the distance traveled by the waves* The coefficient If was 
measured in thin plates for the express purpose of correcting 
amplitudes in model work. The value he gives for plexiglas 
is
y = 0.0.T3 U*>4- -  6.080 c»)'/
where f0 = one kHz
f expressed in kHz 
Heelan (1953) shows for the discrete boundaries that 
if the direct wave is given by F(t) than the refracted ar­
rival should have the form J  F(t) and the reflection, F(t). 
This is clearly not true for the model as Indicated by the 
spectral analyses. This result does not appear to be
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explicable on the basis of selective reflection of low fre­
quency energy9 at least for the frequencies used In this ex­
periment •
To further examine this result the direct arrival at 
36 cm for the shallow source was digitised and the Integral 
and derivative obtained* These are shown in Fig* 24 along 
with the refractions and *1*3*1* Heelan°s re­
sults held for the model, then one would expect |̂ap2(,z)*l to 
duplicate the wave form of the direct wave and Pj^P^ to look 
like the integral of the direct wave. Heelan°s predictions 
do not appear to hold for the model. The event PiP2(Z)*l 
pictured was taken from the seismograms at a 42-cm profile 
distance. At this point the event PiP2(z)*l *ias traveled 
approximately the same ray path through the transition zone 
as the refraction This gives a basis for comparing
the effects of the zone. The waveforms observed seem to be 
the derivatives of the expected results. From observation 
of the changes in waveform of *1̂ 2(2)*! as *** **s traced 
along the profile, it is clear that the ray path within the 
zone has a marked effect on the character of the arrivals.
The attenuation of the plexiglas does not seriously 
affect those results since most of the energy is carried by 
frequencies below those for which significant differences in 




Direct wave at 36 cm Tit)
Refraction PiPqPi at 84 cm L * 1




Oomparison of the direct wave pulset its time integral and 
derivative with refractions P1P3P1 and Plp2 (z)pi
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The writer knows of no previous prediction or explana- 
tlon of this unexpected action of the zone* Whether It re« 
suits from particular parameters chosen for the model or Is 
ba&le to transition zones In general must await further
The relative amplitude of the three main arrivals ver- 
sus profile distance Is given In Fig* 25, 26 and 27* The 
direct wave shows a smooth fall-off that conforms with the 
theoretical prediction as expressed by the solid line In the 
figure* Absorption of the medium was not considered In 
drawing the theoretical curve* This curve carries no Infor- 
matton directly relating to the transition zone but gives 
added confidence that the source and pickup presented no 
problem In the measurement of amplitudes*
Figure 26 shows the amplitude relation for the refracted 
arrival* For the two-dimensional case this should follow the 
relationship ( Newlands, 1952)•
study*
Amplitude Relations of Arrivals
3
where L = distance traveledIn the lower medium
The transition zone appears to have no effect on this
relationship* The solid line
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from equation 8, Pg«7S
Reflection from 








events P ^ * ^  and PiP2(z)P2 (z)Pi 
and calculated amplitudes of two events.
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Figure 27 for the refraction Pj^2(z)Pl **s mucl1 
interests The amplitude relationship of this wave can be 
used theoretically to provide an interpretation of the 
structure* The complications presented by interfering phases 
and relative phase shift of the frequencies comprising the 
event, however, probably preclude an exact Interpretation 
even for this rather simple model* The results, though, can 
be used to support or reject a given interpretation*
The exceedingly rapid drop in amplitude of the "reflec­
tion” as the source is approached from the point of critical 
reflection shows clearly in Fig. 27* This points up the 
difficulty in trying to map such transition zones by the 
reflection method* This is particularly true when one con- 
aiders that the model was designed to enhance the true re­
flection from the zone* A relatively narrow zone was used, 
approximately one wavelength at 100 kK$, and the acoustic 
impedance contrast across the zone was greater than five*
Distances beyond 42 cm where the predominant energy of 
the event represents the refraction e**ect °*
the zone is quite evident* Two theoretical amplitude re­
lationships are shown in the figures * The calculations are 
based on a method described by Bullen (1953) and modified to 
fit the two-dimensional geometry of the model* The method 
is indicated below and assumes that energy conversion Is
insignificant along the ray path*
Referring to figure 28, a point source of energy Is 
assumed at the surface with a uniform density of 1 units per 
radian* The total energy in a small angular element d d
would be
= (3)
Beyond the critical angle the rays defining the element 
will emerge at the surface and cover a short linear ele­
ment dx . If is the emergent angle of the rays with re­
spect to the horizontal, then the energy of the element d6 
impinges on a normal line element corresponding to d* sin dg • 
The energy per unit line element or intensity, of that portion 
of the wave front emerging at the angle dg is given by
^  _ X  d£
&  ~ $751% dx (4)
The parameter p of the wave path can also be expressed
as
^ _ c/7 _ sinAt* _ cos p - dT - ~1 - —  (5)
where T the travel time (Bullen, 1953)*
From equation 5
d& | _  AX
dX I ~-  5i?iee dX1
Hence, the intensity of the seismic signal as a function of 








Ray path relationships used to derive an intensity versus distance expression
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n _  I Vi c/VP  —  T P  (7)
Using the expression for the travel time of the refraction 
?1 2̂(z)^l Siven earlier, the intensity of this arrival can 
be expressed as z P
D(x) = + W  + v , r ,
- [ $ * ( £  ■*")* + l] 8 ( m ~ / £ 3)] ^
here the symbols are as previously defined and — £ (* - *
Equation 8 applies to the reflection branch of the 
curve« A few sign changes are necessary to give the re«
fraction brancho For large profile distances the last two
Kterms approach zero and the remaining two approach «
This implies an intensity fall~off Inversely proportional
to distance, as expected«
With the model parameters used in calculating the travel1
time curve for this mathematical model, the amplitude of the
vertical component of equation 8 was computed« The result
is shown in Fig* 27« Corrections for the varying angles of
emergence as given by Bullen (1953) were made assuming a
Polsson ratio of % by
Ay 6 sb1 fle sec se (I +  3 tin\ )
Ae ~~ Htandc tin Of i-(i +it*.* ,)*■
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Ay 98 Amplitude of vertical component of motion
Ae ** Amplitude of incident wave
§£ =* Angle of reflection of generated shear wave
For comparison, the amplitude fall-off of a true reflect
tlon from a boundary at 20«em depth is shown0 This result
is valid, of course, only beyond the critical angle0 It
represents an intensity law of 1 ,R
The results show that the energy in this "reflected” 
event is not coming from a discrete reflecting horizon* The 
fit to the particular linear zone chosen, however, is not too 
good* In part, this is certainly due to the errors in measur­
ing amplitudes of the event introduced by interfering arrivals, 
and phase shift of the constituent frequencies of this event* 
Certain qualitative variations between these two curves 
can be explained on the basis of the known velocity distribu­
tion* At the base of the experimental zone the velocity 
change with depth is more gradual than the velocity change 
of the mathematical model* In this region, then, the rate 
of change of amplitude will be less than that predicted by 
equation 8* But the rays that do not penetrate as deeply
j \jinto the zone are turned back more abruptly as in-
of x
creases* This causes the energy to spread over a greater 
area than in the mathematical model and hence a faster drop­
off in amplitude is noted* It would appear that this effect
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is seen in the measured amplitudes®
Late Arrivals
Before examining the various late arrivals that were 
observed In this study, a summary Is made of some results 
reported by Press and others (1954)0 Press reports on model 
studies of refractions from one«9 two- and three®layer 
models« One particular model is of Interest because its 
geometry Is quite similar to that of the model used in this 
report, except that discrete layers were used by Press® This 
model has an upper layer of plexiglas 6 ln0 deep, bonded to 
an intermediate brass layer 1% in® deep and terminated with 
an 8-in®-deep strip of aluminum® These layers are labeled 
in the conventional manner from top to bottom layers 1, 2 and 
3 o
Press reports the refraction arrival Pj^Pi never oc­
curred as a first arrival and could be found only over the 
profile distance 12 to 20 in® The converted event PjSĵ  was 
reported to emerge from the Rayleigh wave at about 14 in® and 
was quite prominent® Over the profile distance 14 - 20 in®, 
Press itates P^S^ is at least twice the emplitude of any 
previous event® A late event identified as a composite re­
fraction P^P32P|> was also reported® This event traveled at 
a velocity intermediate to that of brass and aluminum and was
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characterized by its low frequency and large amplitude*
Press also noted that thickness changes in the intermediate 
layer caused significant changes in the character of the 
arrival*
the essential differences between the three-layer model 
of Press and the transition zone occur in the later arrivals 
only* The first arrivals found in both models are P̂  and 
P1P3P1* Referring to the profile, Pig* 9, the one out- 
standing event is the refraction event
occurs abruptly at the ”critical angle11 and remains the 
strongest event along the remainder of the profile* This is 
quite distinct from the three-layer case Investigated by 
Press*
On this same profile, Fig* 9, a distinct event is seen 
beginning at 84 cm and continuing to the end* This is a 
multiple of the event Ri,R2(Z)*10 ^le associated multiple 
refraction also readily identified* An event
moving with a velocity appropriate to a shear wave in the 
lower medium was picked over the profile distance 44 to 78 cm* 
This is a weak event and can be better identified in the pro­
files from the deep source*
The large amplitude low frequency energy following the 
onset of P]^2(z)Pl **s not c*early understood* Since this 
pattern is not noted in the profiles from the deep source, it
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is not believed to be characteristic of the transition zone 
but probably related to the source-detector geometry«
The profiles from the deep source9 Figs o 10 and 11, show 
the shear arrivals more distinctly and the surface ghost 
which appears as a distinct arrival now0 No new events were 
identified on the first 200 // sec of the seismogram« The 
longer recording time on these profiles did permit identifi- 
cation of the bottom reflection P^P3p3 p̂  and its ghost 
**1^1 **3 ̂3^1* T*1® strength of both these events emphasizes
the good transmissibillty of the transition zone0
Beginning at 60 cm the refraction associated
with the ghost can be seen as a distinct event» The associated 
refraction p^Pj^^jP^ cannot be identified on these profiles.
The profile taken with a horizontal motion detector 
permits identification of several shear arrivals. The direct 
shear wave is apparent at the beginning of the profile but 
rapidly diminishes in amplitude as the emergent angle de«
At 35 cm a large amplitude shear arrival occurs at a 
time of 250 /a sec. This is attributed to constructive inter- 
ference of with a converted wave from the transition zone. 
From 35 to 70 cm this converted event can be followed moving 
with the velocity of S3. This is the same event Identified 
as an S3 refraction in the profile from the shallow source.
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It has been identified as PjS3S^o Similar events appear 
associated with the two surface multiples*
Heelan (1954) has shown that the two shear refractions 
**1S2*1 *1S2^1 for tlie two“ ây’er discrete boundary situa®
m  • 1/tion exist only if v2 > V and for * The first eondi®
tlon is fulfilled by the model, so we might expect to see 
P1S3P1 and PlS3Sl in the model but not at such short profile 
distances as they appear if Heelan0s second criterion ap® 
plies« The eventv; P^S3P^ would not be observable in the 
model since its travel-time curve would coincide too closely 
with P^P2(z)?i over the length of profile studied*, This may 
be another reason for the change in character of PiP2(a)P1 
with increasing distance*
No event that could correspond to P^S^ for the discrete 
boundary was found* This is not to say that conversion does 
not occur, however* The reflection coefficient of a tran® 
sltion zone is known to be quite small, so the energy which 
might be returned in reflected converted waves would be ex® 
pected to be correspondingly*weak* Additionally, this con® 
verted energy would be spread out in time and space* For 
instance, at the critical angle the refraction Pxp2(z)?l 
spends about 50 fA sec within the zone* If conversion ©e® 
cured throughout the zone, then the converted energy from 
this one ray would be spread over a profile distance of 18 cm*
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The onset of this energy would occur at the time and position 
of from the top of the zone and spread out in time and
space in a manner dependent upon the velocity function for 
the zone* Energy arising in this manner would normally be 
too weak to be detected*
The existence of the second order converted events, such 
as P^SgS^, does not necessarily imply that first order con* 
verted events also occur* As Heelan (1953) showed, the 
energy of the various refraction arrivals arises from curva­
ture of the wave-fronts and is obtained from the transmitted 
wave, i*e*, Pĵ 2 supplies the energy beyond the critical
angle to PiP^l* *1*2S1 and *l*2s2 * T*16 various groups of
second order events are a complete and independent system*
An event labeled FiFo/.vP*, v P. was identified as a true1 *(Z) 2(z) 1
reflection from the transition zone* The travel-time curve 
for this event is appropriate to a zone reflection and it is 
observed at short profile distances where no zone refractions 
are possible* The amplitude-distance curve, Fig* 27, is also 
suggestive of a reflection event just short of the critical 
angle* As was noted earlier, beyond profile distances of 
about 40 cm it is not possible to separate the true reflection 
from the zone refraction Pj^tz)?!*
The question arises as to whether the energy comprising 
P1P2Cz)p2(z)P1 der*-ves *rom within the transition zone or is
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merely a reflection from the top of the zone due to imperfee® 
tions in the model construction, The event Is significantly 
late compared to tiroes for reflections from the upper edge 
of the zone. At a profile distance, of 34 cm the reflection 
from the upper edge should appear after 211 sec, Examina° 
tion of the seismograms shows that ^i^2(2)^2(2)P1 **s at êast 
15 fA sec late at this point 9 suggesting that the major amount 
of reflected energy originates from within the zone itself. 
Corroborating this result Is the character of the event,
lf P1P2(z)P2(Z)P1 dld» in fact* o^Slnat, from a discrete 
boundary9 it would have the same character as the direct 
pulse. Again, examination of the seismograms shows that the 
character of the two events is decidedly different.
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CONCLUSIONS
The problem posed at the outset of this investigation 
was to find a suitable set of criteria by which transition 
zones could be characterized and9 in particular9 if true re- 
flections from a smoothly varying velocity-depth function 
could prove useful* Here the discussion concerns transition 
zones which cannot be well-defined by first arrival informa­
tion « These masked* or nearly masked9 zones require identi­
fication of secondary arrivals from the zone» Most Moho 
geometries postulated on a phase transition would fall in 
this category» Extrapolation to the complex situation found 
in the field from this very simple model is hazardous | how­
ever * the criteria established for this simple model may 
suggest the presence of a zone0 Confirmation may then be 
possible by modeling a much more complex structure., Hetero­
geneity of the earth®s crust and particularly of the thin 
veneer of sediments may in many areas preclude an interpreta­
tion based on a velocity transition because of the difficulty
83
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of Identifying appropriate secondary arrivals0 Perhaps the 
best area for assaying the character of the Moho would be a 
stable shield area with little lateral variation in surface 
geology over the profile0
Arguing from the results of the present study, the best 
positive criterion of a transition zone would be recognition 
of the refraction or This would be
characterized by its very abrupt appearance and a tlme«distance 
relationship differing from that of a fixed reflection horizon*, 
However, if the medium overlying the transitional zone is 
complex, it could prove difficult to definitely establish the 
nature of a particular event due to the multiplicity of pos« 
sible ray paths0 But if this situation exists, the amplitude 
characteristic of a refraction from within the transition zone 
may prove useful for characterizing the zoneD Should adequate 
control of field measurement of amplitudes be established, 
then this amplitude information could be a positive aid in 
interpretationo The accuracy of field measurements of ampli« 
tudes is, however, poor, primarily because of unknown factorf 
in the coupling of the shot and receivers to the ground0 
These problems would be serious for many earth models but if 
the zone caused focusing near the surface, as was observed in 
the model, a careful survey should reveal the amplitude 
anomaly« While the character of this arrival should be
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slgnlfleant, any extrapolation from the present work should 
be carefully studied0 It should be noted that arrivals from 
the zone were not obviously dispersed0
The refraction from the base of the zone shows the zone 
presence by its character, However9 as in refraction from 
within the zone, more studies are needed before any pre~ 
dictions can safely be made.
The lack of, or very weak, true reflections from* a good 
refracting horizon, combined with the absence of strong pr!~ 
mary converted events from the horizon, should be the final 
evidence supporting an interpretation based on a transition 
zone. As in the model, the true reflection at wide angles 
would not be very useful in defining the velocity«depth 
structure of the zone. Too little is known about reflection? 
from within such zones. The character of the reflection 
should, however, be significant. The question of conversion 
does not affect this conclusion. It was shown that the con<=> 
verted waves, if they exist, would be distributed over time 




This study is just a start toward the understanding of 
wave propagation in velocity transition zones * The question 
of mode conversion remains unanswered and may remain unanswered 
for some time0 The signal~to~noise ratio obtainable with the 
modeling equipment used In this experiment is probably not 
adequate, even with a carefully designed experiment, to settle 
the conversion question* Some improvements in the equipment 
could be made* The biggest improvement would be to provide 
more energy to the source and, to a lesser extent, the signal^ 
to-noise ratio would be increased by reducing the receiving 
equipment noise* The best model to use in attacking the eon« 
version problem would be ones in which only the density is 
permitted to vary* This would eliminate all arrivals origin^ 
ating from a velocity contrast, so that sufficiently sensitive 
equipment might provide a partial answer* In addition, this 
type of model would be relatively easy to build*
If a fabrication technique can be perfected, it would be
86
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desirable to work with thinner models« The laminated plate 
used in this study was about 0*1 in® thick* This thickness 
limited the useable frequencies to those below 100 kHz®
Higher frequencies would permit the use of modeling ratios 
better suited to the field mapping of deep erustal structures 
without unwieldy models® The contouring of metal surfaces 
thinner than 32 mils so as to provide a specific velocity® 
depth function would appear to be a difficult problem if work 
in this direction is desired®
Many more complex model structures can be imagined which 
would be desirable because they relate directly to the field 
problem® For instance9 models based on crustal structure 
from deep refraction studies would be invaluable in cor® 
roborating these interpretations or suggesting others® Other 
obvious models would study the effect of variations in the 
velocity gradient within the zone and the zone thickness®
Perhaps when enough theoretical and model work has been 
expended on the transition zone problems, It will be possible 
to say whether the lack of near vertical Moho reflections is 
due to this cause® A carefully designed field experiment may 
give the answer® The possibility of corroborating evidence 
from the MMohole,# sometime in the future should give added 
impetus to the pursuit of this study®
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